Low progesterone concentrations and diminished ovarian reserves (total number of healthy oocytes) during reproductive cycles are linked to infertility in single-ovulating species like cattle. However, the extent and mechanisms whereby the inherently high variation in ovarian reserves may negatively affect progesterone production are unknown. Cattle were chosen to address these questions because the size of their ovarian reserves can be predicted based on an antral follicle count (AFC) during follicular waves. The present study determined if progesterone concentrations, differentiation and function of the corpus luteum (CL), and endometrial thickness differed during reproductive cycles of age-matched healthy young adult cattle with low versus high AFC during follicular waves. The results showed that, despite enhanced LH secretion, progesterone concentrations were lower during estrous cycles for animals with low versus high AFC. Animals with low versus high AFC also had a decreased basal, LH-, and 25-hydroxycholesterol-induced capacity of luteal and granulosal cells to produce progesterone, reduced amounts of STAR and mRNAs for STAR and LH receptor in the CL, and no change in endometrial thickness during estrous cycles. Taken together, these results 1) supported the conclusion that high variation in ovarian reserves of young adults is associated with alterations in differentiation and function of the CL and 2) provided insight into the potential factors that may cause suboptimal luteal function (e.g., heightened LH secretion and desensitization of the LH receptor, diminished LH responsiveness, diminished STAR, inherent deficiency in capacity of granulosal cells to undergo luteinization) and infertility (e.g., low progesterone, poor endometrial growth) in individuals with diminished ovarian reserves.
INTRODUCTION
Progesterone has a well-established positive role in uterine function and embryo development and fertility in singleovulating species like cattle. In support of the crucial role for progesterone in successful reproduction, low circulating progesterone concentrations are associated with high rates of embryo mortality in cattle [1] and luteal phase defects and infertility in women [2] . However, the factors contributing to the high variation in circulating progesterone concentrations during the luteal phase of reproductive cycles are poorly understood. Moreover, the inherently high variation in ovarian reserves (total number of healthy oocytes and follicles [3] [4] [5] ) is hypothesized to have an important, yet poorly understood role in regulating both the onset of suboptimal fertility nearly two decades before menopause and the age at menopause itself [6, 7] . While infertility is clearly linked to low circulating progesterone concentrations and diminished ovarian reserves in cattle and women, the extent, causes, and mechanisms whereby the inherently high variation in ovarian reserves may negatively affect progesterone production have not been investigated. Understanding the mechanisms that cause or contribute to low progesterone production may lead to new diagnostic and therapeutic methods to improve fertility in cattle.
The bovine was chosen as the appropriate model to address the potential association between the high variation in oocyte numbers and circulating progesterone concentrations during reproductive cycles because cattle have a highly variable ovarian reserve throughout life [8, 9] . Moreover, recent studies demonstrated that, despite the 7-fold variation in antral follicle count (AFC) among cattle, the AFC is very highly repeatable (0.85 to 0.95, where 1 ¼ perfect) during follicular waves of individuals [10, 11] . For example, some young adult cattle consistently have a maximum of only 8 follicles per wave while others have 56! Most importantly, the high variation in AFC during follicle waves of age-matched young adults is also highly positively associated with total number of morphologically healthy follicles and oocytes in ovaries and circulating concentrations of anti-Mü llerian hormone (AMH) during estrous cycles [12] . Consequently, an additional advantage of the bovine model is that the relative size of ovarian reserves in young adults can be determined reliably based on their AFC during follicular waves. The present study, therefore, tested the hypothesis that a high variation in AFC during follicular waves and correspondingly in ovarian reserves may have a negative impact on differentiation and function of the corpus luteum (CL) in cattle. The objectives of the present study were to determine if progesterone concentrations, function and differentiation of the CL, and thickness of the endometrium differed during reproductive cycles of age-matched healthy young adult cattle with consistently low versus high AFC during follicular waves.
MATERIALS AND METHODS

Animals
The cattle used in the experiments were located at the Michigan State University Beef or Dairy Cattle Teaching and Research Centers or at the Lyons Research Farm, University College Dublin, Ireland. All the experiments were performed in compliance with protocols approved by the All University Committee on Animal Use and Care at Michigan State University or the Animal Research Ethics Subcommittee, University College Dublin, and the Cruelty to Animal Act (Ireland, 1876) and European Union Directive 86/609/ EC.
Identification of Cattle with Consistently Low Versus High AFC During Follicular Waves
Ovaries of each animal were monitored with an Aloka SSD-900 ultrasound machine using a linear array trans-rectal probe (7.5-MHz transducer), and follicles were counted as previously described [10, 11] . Each antral follicle !3 mm in diameter was drawn on an ovarian map, and the diameter and total number of follicles !3 mm in diameter per pair of ovaries, hereafter referred to as AFC, was recorded for each animal. Cattle that consistently had a relatively low versus high peak AFC during follicular waves were identified as previously explained [10, 11] . Briefly, a group of adult animals of similar ages and weights were injected two or three times with prostaglandin F 2a (PG) spaced 11 days apart to initiate luteolysis and synchronize occurrence of ovulation. Ovaries were then subjected once or twice daily to ovarian ultrasonography to determine the AFC beginning on Days 1-2 after the last PG injection and continuing until the completion of the study. Ovulation day was defined as the first day that the preovulatory follicle was not observed by ultrasonography. Peak AFC was usually determined for 3-5 follicular waves per animal, and the average peak value for AFC per wave was used to classify the cattle arbitrarily into low ( 15 follicles) or high (!25 follicles) groups [10, 11] . Animals in the intermediate category (16-24 follicles) were not studied further and were returned to the herd.
Progesterone Concentrations During Estrous Cycles
Blood samples obtained during four separate studies (1-4) were used to determine if serum progesterone concentrations differed during estrous cycles of cattle with low (n ¼ 32 estrous cycles for 25 animals) versus high (n ¼ 30 estrous cycles for 22 animals) AFC during follicular waves. In study 1 conducted at Michigan State University in 2004 [10] , 3-to 5-yr-old Holstein dairy cows (n ¼ 25) at similar stages of late lactation were subjected to ovarian ultrasound analysis to identify animals with consistently low (n ¼ 3) or high (n ¼ 3) AFC during follicular waves. Daily blood samples were then obtained from each animal by coccygeal venipuncture from 48 h after the last injection of PG until 4 days after ovulation. In study 2 conducted at University College Dublin in 2006 [11] , crossbred beef heifers (n ¼ 90, 19.8 6 0.7 mo old, mean 6 SEM, 350-450 kg) were subjected to ovarian ultrasound analysis to identify animals with low or high AFC during follicular waves. Daily jugular blood samples were obtained from a randomly chosen subset of animals in the low (n ¼ 10) and high (n ¼ 7) groups from 48 h after the second PG injection until Day 7 of the estrous cycle. In addition, daily jugular blood samples were taken from a separate subset of animals in the low (n ¼ 4) and high (n ¼ 4) groups from Day 7 of the estrous cycle until 1 day after the next ovulation. Studies 3 and 4 are described below.
Reproducibility of Progesterone Concentration and Alterations in Size of CL and LH Secretion During Estrous Cycles
Study 3 was conducted at Michigan State University in 2007 to determine if potential differences in circulating progesterone concentrations between animals with low versus high AFC during follicle waves were reproducible during different estrous cycles and if the size of the CL and basal and episodic LH secretion differed between groups. To complete this study, crossbred beef heifers (n ¼ 67, 12-to 14-mo old, 383 6 6 kg) were subjected to ovarian ultrasound analysis to identify a randomly chosen subset of animals with low (n ¼ 4) or high (n ¼ 4) AFC during follicular waves. Daily blood samples were taken by coccygeal venipuncture from the time of the second PG injection until 10 days after ovulation (or Day 11 of estrous cycle). This bleeding regimen was repeated twice during two additional consecutive estrous cycles in the same animals. To determine if the size of the CL differed between groups, ovarian ultrasonography was used daily during their second estrous cycle to measure alterations in length and width of the CL for each animal. To establish if basal and episodic LH secretion differed between the groups, a jugular catheter was inserted into a subset of animals in the low (n ¼ 3) versus high (n ¼ 4) AFC group on Days 3 and 10 of the third estrous cycle, and 5-ml blood samples were collected from each animal at 10-min intervals for 7 and 11 h on Days 4 and 11, respectively. To complete the aforementioned studies, crossbred beef heifers (n ¼ 61, 10-to 12-mo old, 347 6 5 kg) were subjected to ovarian ultrasound analysis to identify animals with low or high AFC. Daily blood samples were taken by coccygeal venipuncture from the time of the second PG until 12 days after ovulation in a randomly chosen subset of animals in the low (n ¼ 4) and high (n ¼ 4) groups. The ovary containing the CL was removed by ovariectomy [13] on Day 12 of the estrous cycle (midluteal phase) and placed in ice-cold supplemented Dulbecco phospate buffered saline (DPBS) containing penicillin (100 IU/ml), streptomycin (0.1 mg/ml), and fungizone-amphotericin B (625 ng/ ml; Invitrogen, Carlsbad, CA). The ovary was weighed and CL dissected and weighed. Each CL was sliced through the apex and divided into four portions. One portion was immersed in 10 ml of ice-cold Ca 2þ -, Mg 2þ -free Hanks balanced salt solution (HBSS; Lonza, Allendale, NJ) for subsequent isolation of luteal cells for culture. The second portion was homogenized in 1 ml of 0.25 M sucrose, 0.1 mM EDTA (Sigma, St. Louis, MO), and 10 mM Tris (Bio-Rad, Hercules, CA) containing a Mini Complete protease inhibitor tablet (Roche Applied Science, Indianapolis, IN) per 10 ml and snapped frozen with liquid nitrogen for immunoblot analyses. The third portion was diced, placed in 1 ml of DPBS with 20% glycerol (Sigma) and the protease inhibitor cocktail, and snapped frozen for analysis of LH receptor binding sites. The final portion was cut into ;30 mg pieces and snapped frozen with liquid nitrogen for mRNA analysis. All the tissues were processed and frozen within 20 min of ovariectomy.
Alterations in Function and
Isolation and Culture of Luteal Cells
The luteal cell culture procedure was modified from previously published protocols [14, 15] as follows. The CL tissue utilized for cell dispersion was sliced with a microtome blade, and the slices were diced with a scalpel into ;1-mm pieces, which were transferred to 50-ml tubes, washed 4 times with HBSS, and shaken (200 rpm for 15 min) in a water bath (378C). CL pieces were then washed twice with 10 ml of HBSS in 0.5% BSA (w/v, Sigma). Luteal cells were dispersed twice in HBSS buffer containing 420U/ml type IV collagenase (Invitrogen) in 0.5% BSA and shaken (200 rpm, 1 h, 378C). Supernatants were washed with Medium 199 (M199; Invitrogen) supplemented with 25 mM Hepes (Roche Applied Science), 0.1% BSA (w/v), antibiotics (100 IU/ml penicillin and 0.1 mg/ml streptomycin) and fungizone-amphotericin B (625 ng/ ml). After filtration, the cell suspension was washed 3 times with the supplemented M199 and resuspended in 3 ml M199. All cells greater than 10 VARIATION IN OVARIAN RESERVE LINKED TO CL FUNCTION lm were counted using a Coulter Counter Particle Z1 (Beckman Coulter, Inc., Fullerton, CA). Pilot studies confirmed that this setting on the Coulter Counter minimized counting of endothelial or red blood cells (data not shown). Cell viability was determined using trypan blue exclusion dye (Invitrogen) [16] , and there was no difference in viability of luteal cells at the beginning of culture between the two groups (95.2% 6 0.01% versus 90.3% 6 0.03%; P . 0.1, n ¼ 4 CL per group). During cell culture, 10 000 live cells were plated per well in 96-well Falcon Primaria plates (Becton Dickinson and Co., Lincoln Park, NJ) and treated in triplicate with 0, 0.1, 0.5, 1, 5, or 10 ng/ml of bLH (NIH AFP-11743B) or 0, 0.1, 1, 5, or 10 lg/ml of 25-hydroxycholesterol (Sigma) for 18 h. Note, luteal cells treated with 25-hydroxycholesterol did not respond to LH treatments (data not shown). After 18 h of culture at 378C, 75% of the media was removed and stored at À208C until the progesterone analysis. To isolate luteal cells after the culture, plates were washed three times with ice-cold DPBS, and the cells were treated with trypsin as previously described [17] . All cells greater than 10 lm were counted using the Coulter Counter. The number of luteal cells removed from the plates was not different between high and low AFC groups (7444 6 599 versus 6661 6 361; P . 0.10, n ¼ 4 CL per group), and the concentration of progesterone in the media was expressed relative to the number of cells at the end of the culture.
Immunoblot Analysis of STAR
Mitochondrial-enriched preparations were isolated from CL homogenates as previously described [18] . The resulting pellet was resuspended in DPBS (pH 7.2), 1% Triton X-100, and protease inhibitor cocktail. Protein concentrations in the enriched mitochondrial pellet were determined using the Bio-Rad DC Protein Assay (Bio-Rad). Protein was solubilized in 62 mM Tris (pH 6.8), 10% glycerol, 5% SDS, 5% b-mercaptoethanol, and 0.005% bromophenol blue, and duplicate samples (20 lg each) were subjected to 12% SDS-PAGE and electroblotted as described previously [19] . Membranes were blocked in 4% Blotto (Santa Cruz Biotechnology, Santa Cruz, CA), incubated for 4 h with STAR polyclonal antibody (a gift from Dr. Doug Stocco, Texas Tech University; diluted 1:1000 in 4% Blotto), and then incubated for 1 h with donkey anti-rabbit IgG conjugated to horseradish peroxidase (HRP; Amersham, GE Healthcare, Arlington Heights, IL; diluted 1:15 000 in 4% Blotto). Membranes were incubated in Amersham ECL Western blotting reagents and exposed to the film for 2 min. Membranes were stripped and incubated for 1 h with ACTB (C4) monoclonal antibody (diluted 1:2500; Santa Cruz Biotechnology) followed by an additional 1 h incubation with goat anti-rabbit IgG-HRP (1:10 000) to estimate the amount of ACTB in each enriched mitochondrial sample. The optical density of the protein bands was determined with a Bio-Rad GS-700 Imaging Densitometer and Molecular Analyst software. Arbitrary units were determined, and the amount of STAR protein immunoactivity detected in each enriched mitochondrial preparation was corrected for the amount of ACTB immunoactivity. Data were expressed as units STAR per unit of ACTB. The amounts of ACTB were similar (P . 0.20) between AFC groups (data not shown).
Immunoblot Analysis of CYP11A1, HSD3B1, MAPK1(ERK2), Phosphorylated MAPK1, MAPK3, Phosphorylated MAPK3, CREB1, Phosphorylated CREB1, and Phosphorylated AKT1
Portions of frozen luteal tissue (;25 mg) were weighed and processed as previously described [20] . Proteins (25 lg/lane) were separated on 10% SDS-PAGE gels, and immunoblot analysis was performed with the following 
Luteinizing Hormone Receptor Analysis
Specific binding of radioiodinated human chorionic gonadotropin (hCG) to luteal tissue was determined using methods previously published in our laboratory [21] . Briefly, luteal tissue samples were thawed and homogenized, and the resulting lysate were washed three times in DPBS with 20% glycerol and then in DPBS. After the final wash, pellets were resuspended in DPBS, and the concentration of protein was determined as explained above. Specific binding of I 
Messenger RNA Analyses
Total RNA was isolated from a portion of each CL using the RNeasy mini kit (Qiagen, Valencia, CA) per kit instructions. Briefly, luteal tissue (30 mg) was lysed and homogenized, and total RNA (3lg) was treated with DNase to remove genomic DNA contamination and reverse transcribed [22] ; expression of mRNA was analyzed by real-time quantitative PCR [23] using the primer concentrations listed in Table 1 . Primers were designed using Primer Express (Applied Biosystems, Foster City, CA) for bovine sequences in Genbank, and the amplicon sizes ranged from 56 to 248 bp. Copies of all the genes were quantified using the standard curve method for absolute quantification [24] and are expressed as copies of target gene per 10 000 copies of RPS18.
Isolation and Culture of Granulosal Cells
Pairs of ovaries containing a single CL and a dominant follicle (largest follicle per pair of ovaries) were obtained from cattle (unknown ages and breeds) during the luteal phase of estrous cycles at a local abattoir in Michigan and placed into one of two groups based on AFC: high group had !25 visible antral follicles !3 mm per pair of ovaries; low group had 15 follicles. Ovaries were placed in ice-cold supplemented DPBS and transported to the laboratory. The diameters of dominant follicles were measured with a caliper, and granulosal cells from each dominant follicle were isolated and placed in minimum essential medium alpha (MEMa) [17] , which was supplemented as explained above for DPBS and with the following factors: long R3-IGF-1 (1 ng/ml), nonessential amino acids (1.1 mM, Invitrogen), sodium selenite (4 ng/ ml), androstenedione (10 À7 M), bovine insulin (10 ng/ml), apo-transferrin (5 lg/ml), sodium bicarbonate (10 mM), 0.5% (w/v) BSA (Sigma), and Hepes (20 mM). The viability of granulosal cells was determined by trypan blue exclusion dye at the beginning and end of the culture [16] . Three replicate wells of granulosal cells (100 000 live cells per well) were cultured in 1 ml of supplemented MEMa for 18 h in 24-well Falcon Primaria plates with 5% (v/v) fetal bovine serum to induce luteinization [25] . 
Alterations in Size of the Endometrium During Estrous Cycles
This study was conducted at Michigan State University in 2008. To determine alterations in thickness of the endometrium, crossbred beef heifers with low (n ¼ 6 animals) versus high (n ¼ 6) AFC during follicle waves were subjected daily to ultrasonography beginning at ovulation on Day 0 and ending 10 days later to measure the size of a transversal section of the right uterine horn [26, 27] . Once the uterine body and horns were identified by ultrasound and rectal palpation, the probe was placed on the right side of the right uterine horn. When the largest transversal section was identified, the screen monitor was ''frozen,'' and two perpendicular measurements of the uterine horn and endometrium were recorded and the average of these taken as the diameter. Using these measurements, the area of the endometrium was estimated using the formula pr 2 (where r was the radius).
Progesterone and LH Assays
Concentrations of progesterone in serum and media were measured using a commercially available radioimmunoassay kit (RIA; Siemens Health Care Diagnostics, Los Angeles, CA). The sensitivity of the assay was 0.05 ng/ml, and the intra-and interassay coefficients of variation (CVs) for serum samples were 5.3% and 2.9%, respectively. Intra-and interassay CVs for media samples were 7.3% and 4.4%, respectively. Concentrations of LH in serum were determined using a previously validated homologous RIA [28, 29] . Sensitivity of the assay was 0.002 ng/tube. Intra-and interassay CVs (n ¼ 4 assays) were 8% and 2.5%, respectively.
Statistical Analysis
Concentrations of progesterone in serum were statistically analyzed using the Proc Mixed model of SAS [30] , and the main effects included animal groups (low versus high), day/time of cycle, cycle studied (cycles 1, 2, and 3), and their interactions. Basal LH concentrations and frequency and amplitude of LH pulses were analyzed by ANOVA after log 10 transformation of the data. An LH pulse was defined as an increase in LH concentration at least three times greater than the preceding lowest (basal) LH concentration followed by a serial decline within 2 to 3 h in LH concentrations to or near basal LH concentrations [31] . Amplitude was defined as the change in LH concentration from the nadir to peak of each pulse [31] . CL immunoblot and mRNA results were analyzed by ANOVA, and the main effect was group (low versus high). Concentrations of progesterone in media samples was analyzed using the proc Mixed model of SAS [30] , and the main effects were group (low versus high), dose, and their interaction. Endometrial area was analyzed using the proc Mixed model of SAS, and the main effects were group, time, and their interaction. When main effects were significant (P 0.05), a Bonferroni t-test was used to determine if statistical significant (P 0.05) differences existed among the individual means [32] .
RESULTS
Circulating Progesterone Concentrations
Circulating progesterone concentrations were similar for animals within the low or high AFC groups in studies 1 to 4, but consistently lower (P , 0.05) during each estrous cycle in each study for animals with low versus high AFC. Consequently, data from animals in the high or low groups from all four studies were combined and aligned relative to the day ovulation was detected by ovarian ultrasonography (Day 1 of estrous cycle ¼ day of ovulation) for statistical analysis. The combined results for 62 different estrous cycles for 47 animals illustrated that progesterone concentrations were routinely approximately 30% to 50% lower (P , 0.05 to P , 0.01) on each day between Days 3 to 14 of estrous cycles for animals with low versus high AFC during follicular waves (Fig. 1) .
Reproducibility of Circulating Progesterone Concentrations During Different Estrous Cycles
This study was designed to determine if the difference in circulating progesterone concentrations observed between animals with low versus high AFC (Fig. 1) was reproducible from one estrous cycle to the next. The results demonstrated that serum progesterone concentrations were similar (P . 0.20) between three different estrous cycles for the same animals in the low or high AFC groups but consistently lower (P , 0.01) during each estrous cycle for the animals in the low versus high AFC group (Fig. 2) . . Blood samples were obtained daily during different days of the estrous cycle for animals in the low versus high group in study 1 (n ¼ 3 animals or estrous cycles per group), study 2 (n ¼ 11 or 14 animals or estrous cycles per group), and study 4 (n ¼ 4 animals or estrous cycles per group) as explained in Materials and Methods. In addition, blood samples were obtained daily for three consecutive estrous cycles for animals in study 3 (low: n ¼ 4 animals or 11 estrous cycles; high: n ¼ 4 animals or 12 estrous cycles) with one exception. Ovulation was not detected after PG injection during the third estrous cycle for one animal in the low group; thus, the progesterone values for this animal's third estrous cycle only were excluded from statistical analysis. Data from studies 1 to 4 were combined and aligned relative to day ovulation was detected by ovarian ultrasonography for statistical analysis. Each symbol represents the daily mean (6 SEM) progesterone value for animals with a consistently low ( 15 follicles per wave, n ¼ 32 estrous cycles for 25 animals) versus high (!25 follicles per wave, n ¼ 30 cycles for 22 animals) AFC during follicular waves. Asterisks indicate significant differences (**P , 0.01) between groups. ANOVA indicated an overall significant effect of group (low versus high, P , 0.02), day of cycle (P , 0.001), and group by day interaction (P , 0.001).
VARIATION IN OVARIAN RESERVE LINKED TO CL FUNCTION
Growth of the CL
Differences in CL size could explain the observed differences in serum progesterone concentrations between the animal groups ( Figs. 1 and 2) . However, daily ultrasound measurements to determine alterations in the size of CL during estrous cycles demonstrated that, despite the differences in serum progesterone concentrations, CL size was similar (P . 0.20) between groups (Fig. 2, middle panel) .
Episodic LH Secretion
The next study tested whether the observed differences in circulating progesterone concentrations between animals with low versus high AFC (Figs. 1 and 2 ) were sufficient to also affect LH secretion. The results demonstrated that the low circulating progesterone concentrations for animals with low versus high AFC (Fig. 2, bottom panel) were also associated with ;2-fold greater (0.12 6 0.01 versus 0.07 6 0.008 ng/ml; P , 0.01) basal LH concentrations. Although the frequency of LH pulses were similar between groups, LH pulse frequency decreased (P , 0.01) approximately 80% from Day 4 to Day 11 of the estrous cycle in both groups (Table 2 ) coincident with the rise in serum progesterone concentrations (Fig. 2, bottom  panel) . Also, the amplitude of the LH pulses was similar on Day 4 but was approximately 2-fold higher (P , 0.05) on Day 11 of the estrous cycle for animals in the low versus high AFC group ( Table 2) .
Function of the CL
This study was designed to examine directly whether the capacity of luteal cells to produce progesterone differed between animals with low versus high AFC and correspondingly low versus high circulating progesterone concentrations. The results showed that the capacity of luteal cells isolated from CL on Day 12 of the estrous cycle to produce progesterone basally and in response to LH (Fig. 3A) or the progesterone substrate, 25-hydroxycholesterol (Fig. 3B ), was ;50% lower (P , 0.01) for animals in the low versus high AFC group. Note, that neither excess LH nor excess 25-hydroxycholesterol enhanced progesterone production by luteal cells isolated from animals with low AFC to the levels observed for animals with high AFC. Also, luteal cells treated with 25-hydroxycholesterol did not respond to LH treatments (data not shown).
Differentiation of the CL
To gain insight into the potential factors contributing to the diminished capacity of the CL to produce progesterone basally and in response to LH, the next study determined if expression or activation of genes or proteins involved in the LH-induced signaling cascades and steroidogenesis in the CL differed between animals with low versus high AFC and correspondingly low versus high circulating progesterone concentrations. The results demonstrated that serum progesterone concentrations were lower (P , 0.05) during Days 0-11 of the estrous cycle (data not shown, refer to cycle (time of surgery) for animals in the low versus high AFC group (Fig. 4) , as previously demonstrated ( Figs. 1 and 2) . Although the abundance of mRNAs for the steroidogenic enzymes HSD3B1 and CYP11A1 were similar, the abundance of mRNAs for LHCGR and STAR were approximately 75% and 60% lower (P , 0.05), repectively, in luteal cells of animals with low versus high AFC (Fig. 4) . However, the number of LH binding sites on luteal tissue (Fig. 5) and immunoactivity of CREB1, phosphorylated CREB1, MAPK1 (ERK2), phosphorylated MAPK1, MAPK3, phosphorylated MAPK3, phosphorylated AKT1, and the steroid enzymes CYP11A1 and HSD3B1 were similar (P . 0.10) between AFC groups (data not shown). In contrast, immunoactivity of STAR protein in enriched mitochondrial preparations was lower (P , 0.05) in the CL of animals with low versus high AFC (Fig. 5) .
Capacity of Luteinized Granulosal Cells from Dominant Follicles to Produce Progesterone Basally and in Response to LH
The next study determined the differences in capacity of granulosal cells isolated from dominant follicles of animals with low versus high AFC to produce progesterone basally and in response to LH following serum-induced luteinization. Similar to the results for luteal cells isolated from the CL on Day 12 of the estrous cycle (Fig. 6) , the capacity to produce progesterone basally and in response to different doses of LH was up to 80% lower (P , 0.01) for luteinized granulosal cells isolated from dominant follicles of animals with low versus high AFC.
Growth of the Endometrium During Estrous Cycles
Whether the observed difference in circulating progesterone concentrations during the early to midluteal phase between 
VARIATION IN OVARIAN RESERVE LINKED TO CL FUNCTION
animals with low versus high AFC (Figs. 1 and 2 ) also potentially affected fluctuations in endometrial size during reproductive cycles [27, [33] [34] [35] was examined. The results showed that endometrial thickness decreased (P , 0.01) precipitously from Day 0 to Day 6 after ovulation for animals with high AFC (Fig. 7) . In contrast, endometrial size did not fluctuate (P . 0.20) and was much lower (P , 0.01) from Day 0 to Day 6 in animals with low AFC (Fig. 7) .
DISCUSSION
The findings of the present study are the first to directly link the inherently high variation in AFC during follicular waves and correspondingly in ovarian reserves of healthy young adults with significant alterations in LH secretion, differentiation and function of the CL, and cyclic fluctuations in endometrial thickness during reproductive cycles of a singleovulating species like cattle.
The finding that CL size was similar between cattle with low versus high AFC in the present study supported previous results using the same bovine model to show that the size of ovulatory follicles, which could influence the size of the CL [36] , was also unaffected by the high variation in AFC [10] . Taken together, these results imply that differences in CL size do not explain the observed differences in circulating progesterone concentrations between the AFC groups.
Luteinizing hormone is the primary gonadotropin that regulates differentiation and function of the CL including STAR and progesterone production [37] . Nevertheless, the amounts of STAR mRNA and immunoactivity of STAR protein in the CL were diminished despite heightened LH secretion and a similar number of LH receptor sites in luteal cells between animals in the low versus high AFC group. One plausible explanation for this finding is that chronically higher LH concentrations resulted in desensitization or uncoupling of the LH receptor from its signaling system in luteal cells [38] . Thus, disruption of the LH signaling system could explain not only why the capacity of luteal cells to respond to LH and produce progesterone in vitro was diminished despite similar amounts of LH receptor binding sites, but also the reduced circulating concentrations of progesterone during estrous cycles for animals with low versus high AFC observed in the present study. Desensitization of the LH receptor may have also explained why LH receptor mRNA but not LH binding sites on luteal cells was lower in CL of animals with low versus high AFC in the present study.
In addition to alterations in responsiveness of luteal cells to LH, the present study indicated that the relatively low circulating progesterone concentrations observed in cattle with low versus high AFC were also associated with 1) a potential reduction in STAR in the CL, 2) diminished responsiveness of granulosal and luteal cells to 25-hydroxycholesterol, and 3) reduced capacity of granulosal cells from dominant follicles to undergo luteinization and produce progesterone. STAR is the mitochondrial enzyme involved in shuttling cholesterol into the inner mitochondrial membrane, which in turn is converted by the side-chain cleavage enzyme system into pregnenolone [39] . Thus, STAR is the rate-limiting step in steroidogenesis in many tissues, including the CL [39] . However, because phosphorylation of STAR is required for STAR's positive action on progesterone production [40] , it is unknown if the lower immunoactivity of STAR in the CL of animals with low versus high AFC observed in the present study also reflected differences in phosphorylated STAR. FIG. 7. Alterations in endometrial thickness for heifers with low versus high AFC during follicular waves. Heifers with low or high AFC were subjected to daily ultrasound analysis to measure alterations in the size of the endometrium in the right uterine horn as explained in Materials and Methods. Each bar represents the mean 6 SEM for 6 animals per group. ANOVA indicated an overall significant effect of group (low versus high, P , 0.03) and group by day interaction (P , 0.04). Asterisks indicate significant difference (**P , 0.01) between means.
The reason progesterone production remained significantly lower for animals with low versus high AFC despite addition of excess amounts of the progesterone substrate 25-hydroxycholesterol to cultures of luteal cells in the present study is unknown. Nevertheless, because addition of 25-hydroxycholesterol circumvents STAR's critical and rate-limiting role in progesterone synthesis, this observation implied that factors in addition to diminished LH responsiveness and potentially reduced STAR may have also contributed to the reduction in progesterone-producing capacity of the CL in animals with low versus high AFC. For example, alterations in storage and release of progesterone from luteal cells, progesterone metabolism, and alterations in posttranslational modification of factors regulating the enzyme activity of CYP11A1 and HSD3B1, which were not examined in the present study, could also explain the differences in progesterone production by CL observed for animals with low versus high AFC.
Results of the present study showed that the high variation in AFC was also associated with the reduced capacity of granulosal cells in dominant follicles to undergo seruminduced luteinization and produce progesterone basally and in response to LH. This intriguing finding implied that the inherent capacity of granulosal cells from dominant follicles to luteinize, which is fundamental to CL function following ovulation, may also be compromised in animals with low AFC. The precise reason luteinization capacity of granulosal cells is negatively affected by the high variation in AFC during follicular waves is unknown. Nevertheless, FSH receptors are exclusive to granulosal cells, and the critical role of FSH in regulation of follicle growth [41] , including its requirement for repetitive follicular waves in cattle [42] and differentiation and function of follicles [43] , are well established. Circulating FSH concentrations, however, are also well established to be higher in cattle with relatively low numbers of follicles [44, 45] growing during follicular waves [10, 11, 44, 45] . Moreover, relatively high FSH concentrations in the presence of insulin in rodents [46] , heightened secretion of FSH in transgenic rodents [47] , and superovulation of cattle [48, 49] , which would be expected to enhance FSH action, diminish developmental competence of oocytes and fertility. Therefore, it is highly likely that chronically high FSH and LH concentrations (as observed in the present study) during follicular waves of young adult cattle with diminished ovarian reserves could also alter differentiation and the potential of granulosal cells to undergo luteinization, which in turn may have a permanent negative effect on differentiation and function of the CL during reproductive cycles.
Perhaps the most surprising outcome of the present study is not only that the variation in AFC was associated with diminished CL function and circulating progesterone production, but that endometrial thickness was also substantially altered during the early to midluteal phase of estrous cycles. Uterine weight has previously been reported to decline after estrus and during the first 8 days of the estrous cycle in sheep [33] similar to the decrease in endometrial area observed for cattle with a high AFC in the present study. Moreover, endometrial thickness increases during the follicular phase of the estrous [26] and menstrual cycle [34] and declines thereafter; and, although controversial [50] , endometrial thickness is positively associated with implantation and pregnancy rates in humans subjected to in vitro fertilization programs [51, 52] . Consequently, the much lower circulating progesterone concentrations for animals with low AFC in the present study may have had a negative impact on endometrial growth and perhaps function. In support of this idea, progesterone supplementation increases endometrial thickness [53] , and the number of follicular waves during menstrual cycles is associated with alterations in endometrial thickness in women [35] . Thus, because estradiol concentrations are similar during estrous cycles of cattle with low and high AFC [10, 11] , it is reasonable to speculate that the reason endometrial size was unchanged during the early to midluteal phase of the estrous cycle for animals with low versus high AFC is because of the chronically much lower progesterone concentrations. Nevertheless, the precise mechanisms regulating alterations in endometrial size in the bovine model are unclear.
Young adult cattle with low AFC and diminished ovarian reserves [12] not only have chronically high circulating FSH [10, 11] and LH concentrations (present study), but also markedly lower circulating AMH [12] and progesterone concentrations during their estrous cycles (present study), reduced responsiveness to superovulation and number of high quality transferable embryos, and a reduced number of high quality oocytes and in vitro blastocyst development compared with age-matched animals with high AFC [10, 11] . Surprisingly, although these phenotypic differences between cattle with low versus high AFC are observed in age-matched young adults, they are nevertheless also similar to differences reported for older less fertile cattle compared with younger cattle [8, 45, [54] [55] [56] [57] [58] [59] [60] and for older less fertile women compared with younger women [4, 5, [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] , and for cattle [1] and women [72, 73] with high rates of embryonic mortality. These combined observations in cattle raise the question of whether the aforementioned phenotypic differences observed during bovine estrous cycles of healthy young adults with a relatively low number of antral follicles growing during follicular waves creates a hormonal milieu that negatively affects ovarian and uterine function, oocyte quality, and embryo development/ survival. While the present study was not designed to answer this fundamentally important question, which will require a large fertility trial, the phenotypic differences between animals with low versus high AFC observed in the present and previous [10] [11] [12] studies imply that the inherently high variation in the ovarian reserve is associated with alterations in ovarian function that may in turn cause or contribute to infertility. Taken together, these results 1) supported the conclusion that high variation in ovarian reserves of young adults may have a negative impact on differentiation and function of the CL and 2) provided insight into the potential factors that may cause or contribute to suboptimal luteal function (e.g., heightened LH secretion and desensitization of the LH receptor, diminished LH responsiveness, diminished STAR, inherent deficiency in capacity of granulosal cells to undergo luteinization) and infertility (e.g., low progesterone, poor endometrial growth) in individuals with diminished ovarian reserves.
